Recently, we have demonstrated by two different methods that lipoxgenases (LOXs) and 14-3-3 proteins form interactions in barley embryos [Holtman, Roberts, Oppedijk, Testerink, van Zeijl and Wang (2000) FEBS Lett. 474, [48][49][50][51][52]. It was shown by both co-immunoprecipitations and surface-plasmon resonance experiments that 13-LOX, but not 9 -L 0 X , forms interactions with 14-3-3 proteins. In the present report we show that the presence of 13-LOX and 14-3-3 proteins was established in high-molecular-mass complexes. Amounts of 13-LOX and 14-3-3 proteins in high-molecular-mass fractions increased during germination, but were reduced after dephosphorylation of protein extracts or competition with the 14-3-3-binding peptide P-Raf-259, indicating that 13-LOX and 14-3-3 proteins interact in a phosphorylation-dependent manner.
Introduction
Members of the highly conserved 14-3-3 protein family have been found to be associated with various proteins that play a role in cell-cycle regulation, differentiation, co-ordination of signalling pathways and exocytosis [1, 2] . Multiple isoforms of 14-3-3 have been found in several eukaryotes. For barley, three isoforms of 14-3-3 proteins have been reported, 14-3-3 A [3], 14-3-3 B (GenBank accession number X93170) and 14-3-3 C (Y14200). There is little indication for functional specificity of individual isoforms of 14-3-3 proteins. Several enzymes can be modified after 14-3-3 binding, among them nitrate reductase and sucrose phosphate synthase, i.e. key Key words: lipid metabolism, protein interactions. Abbreviations used: LOX, lipoxygenase: PPZA, protein phosphatase 2A; HMM, high-molecular-mass; FC, fusicoccin; I3-HPOD, I3-hydroxy-9Z, I I E-octadecadieonic acid: 9-HPOD, 9-hydroperoxy-I OE, I2Z-octadecadieonic acid. 'To whom correspondence should be addressed (e-mail holtman(a)voeding.tno.nl).
control enzymes of nitrate metabolism and carbon metabolism [4-113. Recently, it has been demonstrated that lipoxygenases (LOXs) form interactions with 14-3-3 proteins [12] . LOXs are key enzymes in lipid metabolism and catalyse the first step in the oxygenation of polyunsaturated fatty acids. For barley seedlings, two isoenzymes have been described, LOX-1 and LOX-2. After incubation with linoleic or linolenic acid, LOX-1 and LOX-2 form 9 s -and 13s-hydroperoxide derivatives respectively, and therefore are termed 9-LOX and 13-L0X, respectively. Each isoform will thus lead to a different set of LOX-derived compounds, and these products may fulfil different physiological functions. For instance, the plant hormone jasmonic acid is formed via 13-LOX activity. It has been demonstrated that 14-3-3 proteins form interactions with the 13-L0X, but not the 9-LOX from barley [12] .
A number of 14-3-3-binding motifs in target proteins have been described, all of which contain essential serine residues, such as RXY/FXSXP
[13], RSXSXP [14] or RXSXSXP [15] . Interactions between 14-3-3 proteins and target proteins are often regulated by reversible phosphorylation of serine or threonine residues within the binding motifs (summarized in [4, 5] ).
Comparison of barley LOX-1 and LOX-2 with common 14-3-3-binding motifs points towards the sequence RKPSDSKP at position 234 of LOX-2 as a putative 14-3-3-binding domain. In the present paper, we have investigated associations between 13-LOX and 14-3-3 proteins in more detail, and show that they interact in a phosphorylation-dependent manner.
Experimental
Dormant and non-dormant barley grains were obtained as described in [12] .
Gel-filtration chromatography was generally performed on a Sephacryl S-300 column (1.6 x 30 cm), using Tris/HCl (pH 7.5) containing 0. incubated with P-Raf-259 (Rat 40pM) or PP2A (0.5 units'ml-') for I0 min at 30 "C, and subsequently loaded on t o the column. Controls were given the same treatment, except that P-Raf-259 or PP2A were omitted. HMM fractions of the three runs were pooled, and further analysed as described for (b).
collected and used for further experiments. Alternatively, in experiments with the P-Raf-259 phosphopeptide, or protein phosphatase 2A (PP2A, Promega), a Tris/HCl (pH 8.3) buffer was used, containing 0.1 Nonidet P40, 1 mM dithiothreitol and 10 m M MgC1,. P-Raf-259 was added at a concentration of 40 p M during pre-incubation of the extracts (10 min at 30 "C), and at 3 pM during subsequent gel filtration. PP2A was added at 0.5 units.ml-' during pre-incubation (10 min at 30 "C) and at 0.05 units.ml-' during gel filtration. In controls, extracts were given the same treatments, except that either P-Raf-259 or PP2A was omitted.
Results and discussion
To investigate the interaction between 14-3-3 proteins and the 13-LOX from barley in more detail, and also to study whether LOX activity is affected after 14-3-3 binding, we performed gelfiltration chromatography experiments using nondormant barley grains. Crude extracts prepared from barley embryos isolated 1 and 4 days after germination were applied to a Sephacryl S-300 column. Eluted fractions were analysed by Western blotting and assayed for LOX activity.
Although LOX-2 protein was predominantly recovered in 90 kDa fractions, reflecting the molecular mass of LOXs (results not shown), an additional peak of LOX-2 protein was found in fractions reflecting a molecular mass higher than 200 kDa (Figure la) . Our experiments show that amounts of LOX-2 protein in high-molecularmass (HMM) fractions increased over the course of germination (Figure la) . Also, 14-3-3 proteins were detected in the same H M M fractions, indicating that LOX-2 and 14-3-3 proteins may occur in H M M complexes (Figure la) . By two independent methods, i.e. spectrophotometry and product analyses by reversed-phase HPLC, it was shown that LOX protein present in H M M fractions contained enzyme activity. Extracts of H M M fractions at day 4 were incubated with linoleic acid, and products were analysed by HPLC. T h e ratio of 13-hydroperoxy-92,llEoctadecadienoic acid (1 3-HPOD) to 9-hydroperoxy-lOE,122-octadecadienoic acid (9-HPOD) was 76:24, indicating that at this stage the bulk of LOX activity in H M M fractions was due to LOX-2 activity. In comparison, in total crude extracts of 4-day germinated embryos, which were used as a starting material for these gel-filtration experiments, a ratio of 13-HPOD to 9-HPOD of 5 : 95 was detected.
Additional gel-filtration experiments were performed using extracts of dormant embryos that had been incubated without or with fusicoccin ( F C ; 5 x M ) for 24 h. Elution profiles were similar to those described above. Remarkably, incubation in the presence of FC resulted in an increased amount of LOX-2 protein in H M M fractions (Figure 1 b) . In conclusion, gel-filtration experiments indicate that LOX-2 and 14-3-3 protein may be associated in H M M complexes. Amounts of LOX-2 protein in these complexes are increased by F C treatment and may be developmentally regulated. Since FC is able to stimulate germination, FC-induced effects can also be the consequence of seed germination.
Since interactions between 14-3-3 proteins and target proteins are often phosphorylationdependent, gel-filtration experiments were performed in the presence of the 14-3-3-competing phosphopeptide P-Raf-259, or PP2A. Figure 1 (c) shows that treatment of extracts of barley embryos with P-Raf-259 results in a dramatic decrease in LOX-2 protein in H M M fractions, indicating that P-Raf-259 competes with LOX-2 for 14-3-3 binding. Incubation of extracts with PP2A also results in a decrease in LOX-2 protein in H M M fractions (Figure lc) . Our data indicate that barley LOX-2 and 14-3-3 proteins interact in H M M complexes in a phosphorylation-dependent manner Taken together, our data indicate that for barley, a 13-LOX (LOX-2) and 14-3-3 proteins form physical interactions, which may occur within H M M complexes. During germination, amounts of 14-3-3 and 13-LOX in H M M fractions increased, indicating developmental control. It is possible that the FC-induced increase in LOX-2 and 14-3-3 proteins in H M M fractions is the consequence of germination. Our data indicate that barley LOX-2 and 14-3-3 proteins interact in H M M complexes in a phosphorylation-dependent manner. T o prove this further, it is important to investigate in more detail the regulatory mechanism of interactions between 14-3-3 and 13-LOX in H M M fractions.
